Introduction
Neurotrophic factors (NFs) such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell-derived neurotrophic factor (GDNF) play important roles in promoting functional recovery following spinal cord injury (SCI) through either neural protection or neural regeneration. Specific NFs that stimulate axonal growth have different effects on axonal regeneration after injury through a variety of cellular mechanisms. 1 For example, sympathetic neurons and sensory neurons depend on NGF for survival, and surprisingly, robust growth of responsive axons is observed after NGF delivery by gene transfer into the injured spinal cord even long after the injury. 2 BDNF has been shown to reverse atrophy of rubrospinal neurons after axotomy. 3 Neurotrophin-3 (NT-3) has been shown to prevent cell death and reduce atrophy in spinal cord projection neurons. 4 BDNF and NT-3 have also been shown to reduce axonal degeneration and induce sprouting of corticospinal axons. 2, 5, 6 Given these different mechanisms, the use of multiple NFs or NFs with multimodal activity may be necessary for restoring coordinated locomotion. One of multineurotrophins (MNTs), D15A, has been found to bind and activate TrkB, TrkC, and p75NTR. 7 Additionally, the appropriate administration route for NFs to effectively reach the injury environment 16 enomoto should be carefully considered because few NFs cross the blood-brain barrier and they are characterized by low stability and limited diffusion in the central nervous system. 8 To address these issues, cell therapy where NFs are released from transplanted cells or host cells has been proposed as a promising strategy for SCI, 9, 10 and various NF-producing cells such as fibroblasts, Schwann cells (SCs), neural progenitor cells (NPCs), mesenchymal stem cells (MSCs), and bone marrow stromal cells (BMSCs) have been transplanted to increase neurotrophic signaling in the injured spinal cord. [11] [12] [13] For example, SCs are frequently used as a cellular source of transplants, and in vitro-expanded SCs have been shown to endogenously produce numerous NFs.
14 MNT-producing SCs generated using genetic engineering have been reported to regenerate injured spinal cord tissue. [15] [16] [17] [18] [19] The current review provides an overview of the role of NFs delivered by cell therapy in experimental SCI models and a proposal to implement their use as a viable clinical therapy.
NF receptors and their expression after SCI
NGF, BDNF, NT-3, and neurotrophin-4 were originally classified as neurotrophins, and their activity is mediated through binding with Trk receptors and p75NTR. Expression of Trk receptors has been reported in the injured rat spinal cord. 20, 21 In particular, although Trk receptor expression is not observed in the lesion zone and decreased in the area surrounding the injury site 1 day after SCI, 21 expression of truncated TrkB mRNA is increased at 6 weeks after injury, even though expression levels of BDNF mRNA in the spinal cord were quite low. 20 In addition, TrkB and TrkC mRNA persisted in corticospinal and rubrospinal neurons at similar levels for 42 days after injury. 21 The maintenance of sufficient Trk receptor expression and NF levels is important in promoting regeneration of spinal cord axons, as a previous study showed that NT-3 treatment combined with neural precursor cell transplants that were ex vivo-engineered to overexpress TrkC increased graft survival and donor cell migration in the host spinal cord. 22 In addition to the Trk receptors, neurotrophins also bind to p75NTR, and a proneurotrophin form mediates a proapoptotic effect through p75NTR signaling.
23 p75NTR mRNA expression is not present in the intact adult spinal cord but is observed 6 hours, 1 day, and 6 weeks after a thoracic-level SCI. 20 Binding of the proneurotrophin form of NGF or BDNF to the p75NTR without Trk signaling triggers apoptosis during development and following injury, 23 and prevention of this binding may thus protect against cell death after SCI. MNTs that do not bind the p75NTR have been generated, and their effects on the survival of SCs and growth of axons in an animal model of SCI model have been evaluated. 15 Recently, in addition to the neurotrophins, GDNF has been established as another key neuroprotective and regenerative factor in nonhuman animal models of injured or degenerative spinal cord. 24, 25 GDNF binds to the Ret receptors and GDNF family receptor a (GFRa), increased GDNF-GFRa1 signaling has been shown to promote synaptic formation, 26 and GFRa mRNA is still expressed around the injury site 6 weeks after contusion of the rat thoracic cord (Enomoto et al, unpublished data, 2013) , making the GDNFGFRa1 axis an attractive therapeutic target. SCs have higher endogenous mRNA expression of GDNF than NPCs in vitro (Enomoto et al, unpublished data, 2013) , and transplantation of GDNF-overexpressing SCs into the hemisected rat spinal cord results in propriospinal axonal regeneration and synapse formation. 27 However, NF receptor expression following various types of SCI should be verified to effectively utilize NF signaling for spinal cord regeneration.
Optimization of NFs to enhance regeneration in the injured spinal cord
Expression of NFs generally increases during the acute phase of SCI but is not maintained in the chronic phase because of cellular damage or loss. For example, BDNF mRNA expression in the spinal cord is increased 1 day after SCI but not 6 weeks post-SCI. 20 By contrast, NT-3 mRNA expression was not detected at any time after injury and was not found in intact spinal cord. Survival of astrocytes, oligodendrocytes, and microglia in the region of injury is important in increasing NF expression after SCI. 28 In cell transplantation studies, NF expression is altered in the injured spinal cord after either NPC or BMSC transplantation. However, even with NPC transplantation, BDNF levels were still low 1 week after the transplantation. 29 The results suggest that alternative routes of administration should be considered to increase NF levels in the region of injury.
Adverse effects of intrathecal NF delivery have been described, 30 such as weight loss and gait disturbances in sheep that received BDNF, 31 although widespread effects of intrathecal NGF infusion on neuronal cells were also shown to induce sensory and sympathetic fiber sprouting in the spinal cord of rats and monkeys. 30 Given these adverse effects and the difficulty in achieving effective NF levels, together with recent progress in the safe 
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Restorative role of neurotrophic factors in the injured spinal cord use of viral vectors, targeted gene delivery could be used to overexpress NFs via direct injection into the injured spinal cord. 30 A number of vectors, such as lentiviral, adenoviral, and retroviral vectors, have been used in transduction of genes into the spinal cord. 32 Rapid downregulation of transgene expression is observed with retroviral gene delivery, but lentivirus provides stable transgene expression in the spinal cord for up to 4 weeks with minimal inflammatory responses, suggesting therapeutic potential. Such an approach, combined with NF-secreting cells, may be particularly useful in building a cellular bridge connecting the proximal and distal stumps of the transected spinal cord, 1 where the regenerating nerve fibers grow into an implanted synthetic tube seeded with in vitro-expanded cells originating from either central or peripheral nervous system tissues. SCs are particularly attractive for such an approach because they can be easily isolated from peripheral nerves. 33, 34 In a previous study, SC transplantation combined with local infusion of both BDNF and NT-3 into the transected spinal cord resulted in twice the number of myelinated axons compared to SC transplantation alone, whereas infusion of BDNF and NT-3 alone, without cell transplantation, did not result in any regeneration of axons into the region of injury. 35 Therefore, SC transplantation increases axonal regeneration and myelination of the regenerated axons. In vitro-expanded SCs have also been genetically modified to express multifunctional neurotrophins such as D15A, which binds to and activates TrkB, TrkC, and p75NTR.
7 D15A-expressing SCs have also been shown to survive and promote axonal regeneration in the injured spinal cord. [15] [16] [17] [18] [19] A number of studies have utilized transplantation of neural and glial progenitors expressing D15A. [36] [37] [38] [39] The results of these studies are summarized in Table 1 .
Engineering of MNTs for SC transplantation studies
The multifunctional neurotrophins D15A and MNT-1 signal through TrkB, TrkC, and p75NTR and through TrkA, TrkB, TrkC, and p75NTR, respectively. 7 The BDNF-and NT-3-mimicking effects of D15A on Trk receptors are useful in increasing the regeneration of descending fibers after SCI, but increased p75NTR signaling has proapoptotic effects and results in cell death though Rho activation. 40 Therefore, to reduce p75NTR affinity while preserving Trk signaling, mutant MNTs were generated, and their effects on axonal growth were evaluated in vitro and in an SCI model. 15 Because Tyr-11 (Y11), Arg-68 (R68), Arg-87 (R87), Arg-114 (R114), and Lys-115 (K115) have been previously identified as important binding determinants for p75NTR, 7, 41, 42 all of these residues were mutated to alanine in human D15A ( Figure 1A) . To obtain an MNT with the lowest affinity to p75NTR, concentration levels of NT-3 were analyzed by enzyme-linked immunosorbent assay in conditioned medium from HEK293 cells transfected with different mutations. NT-3 secretion was not observed on transfection of MNTs with alanine residues at positions Y51 (R103/Y51A), R68 (p75-22, p75-23), or R87 (p75-21, p75-24, p75-25) ( Figure 1B ), suggesting that these residues are critical for processing and secretion. Similar to a previous study, 7 D15A/ R103A was secreted more efficiently than D15A ( Figure 1B) . Furthermore, an in vitro axonal growth assay was performed by applying supernatants containing D15A, D15A/R103A, or D15A/p75-2 to embryonic dorsal root ganglion (DRG) explants, in which axonal growth is dependent on NT-3, BDNF, and p75NTR. D15A/R103A and D15A/p75-2 treatment resulted in decreased neurite outgrowth from the explant compared to D15A (Figure 2A ), indicating that the explants require p75NTR activity for optimal neurite outgrowth. In vitro-expanded SCs transduced with MNT-encoding lentiviruses were also transplanted into injured spinal cords for in vivo evaluation. The SCs were co-transduced with lentiviruses encoding GFP to enable determination of donor cell fate. A significant increase of D15A/p75-2 was observed in SCI animals that received the transplant ( Figure 2B ). SCs are known to sustain their own survival by growth factor secretion through autocrine mechanisms. 43 Thus, decreased affinity of the proMNT form to p75NTR could be in part responsible for the enhanced survival of SCs in the injured spinal cord. Thus, this mechanism may be beneficial for in vivo transplantation, in contrast to the neurite outgrowth that results in vitro. However, animals transplanted with SCs expressing D15A/R103A showed significantly higher cavity volumes, possibly because D15A/R103A proMNT secreted by the SCs increased endogenous p75NTR signaling, which has been shown to induce SC death in vitro and after axotomy. 44 Additionally, animals transplanted with SCs expressing D15A/p75-2 did not show improvement of motor function compared to control animals or animals transplanted with SCs expressing D15A. Thus, even though expression of mutant D15A with reduced p75NTR affinity by transplanted SCs increased their survival and myelination in the lesion, additional strategies are necessary to prevent degeneration and promote the regeneration of descending axons to effectively provide functional recovery. As an example of such a strategy, D15A-expressing SCs were transplanted into rats with a contused spinal cord. Rats were simultaneously treated with systemic rolipram (a phosphodiesterase-4 inhibitor), to increase cAMP signaling, 16 and below-level motor function was observed over time. SC transplantation has also been supplemented by administration of chondroitinase ABC (ChABC), which is an enzyme that cleaves glycosaminoglycan side chains, 19 as ChABC has been reported to be useful for overcoming the inhibitory influence of CSPGs on axonal growth in the injured spinal cord. 45 The combination of ChABC and SCs resulted in significant improvement of motor function and attenuation of sensory disorders such as hind paw mechanical and thermal allodynia. From a clinical perspective, SCs are advantageous because they are available as autologous cells from SCI patients; thus far, only monotherapeutic transplantation trials have been planned, but combination strategies such as those described earlier may be implemented depending on the preclinical results in experimental models.
Transplantation of other cell types expressing MNTs
Reports of transplantation of MNT-expressing cells are summarized in Table 1 . Transplanted glial-restricted precursor cells (GRPs) or GRP-derived astrocytes expressing D15A integrate well into the host spinal cord, express myelin markers, and improve motor function. 37, 39 D15A-expressing NPCs were transplanted into the injured spinal cord, 38 and even during the chronic phase of SCI, the D15A-NPC transplants provided partial recovery of hind limb function. In contrast to SCs isolated from the adult sciatic nerve, GRPs and NPCs were isolated from embryonic spinal cord and brain, thus capable of extensive cell migration and differentiation into oligodendrocytes in the host spinal cord. MSCs, particularly bone marrow MSCs (BMSCs), are currently available as candidate autologous cells, similar to SCs. MSCs were genetically engineered to express MNTS1, a multifunctional neurotrophin that binds to TrkA, TrkB, TrkC, and p75NTR, or MNTS1/p75 -, in which both R113 and K114 were mutated to reduce binding to p75NTR, 7 for transplantation into an experimental SCI model. 46 Transplantation of MNTS1/p75 --expressing MSCs into contused rat spinal cord promoted angiogenesis and mitigated glial scar formation while enabling the preservation and/or regeneration of NF-M-positive axons 4 mm rostral to the lesion epicenter and also at the lesion epicenter itself. The reduction of p75NTR activation may have contributed to angiogenesis because p75NTR is involved in endothelial cell apoptosis. 47 Collectively, in vivo transplantation of MSCs expressing MNTS1 and MNTS1/p75 -and SCs expressing D15A/p75-2 shows that both increased Trk receptor activation and decreased p75NTR signaling can be utilized to improve SCI-induced motor deficits. Future studies will need to elucidate the mechanism underlying the interaction between Trk and p75NTR in the SCI setting.
Conclusion
In 
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Restorative role of neurotrophic factors in the injured spinal cord has shown definitive regenerative activity in corticospinal or rubrospinal axons, and further tests of D15A/p75-2 and MNTS1/p75 -have demonstrated motor recovery. However, there are limitations associated with potential therapeutic application of genetically modified cell lines. First, it is possible that continuous release of NFs or MNTs by genetically modified cells could lead to increased proliferative activity and implant size within the host tissue. However, release over time appears to be reduced -production of D15A was decreased by 20% 6 weeks after transplantation of lentivirusinduced SCs compared to 2 days after transplantation. 17 In general, the survival rate of transplanted cells is low, and their ability to self-sustain is limited. Further development of methods to detect transplanted cells or modified vectors in vivo will be necessary to control cell survival after the transplantation. Recently, migration of magnetically labeled transplanted stem cells could be detected by magnetic resonance imaging in host brain tissue. 48 Second, lentiviral vectors are considered to be relatively safe, but alternatives to viral vectors should be considered for sustained production of NFs and MNTs. Nonviral gene delivery systems, whereby plasmid DNA is delivered by hydrodynamic injection, cationic liposomes, nanoparticles, or lipid conjugation, may offer the potential of safe genetic engineering with minimal side effects, although these methodologies are typically associated with low transfection efficiency and transient transgene expression. Additionally, to achieve functional motor recovery, it may be necessary to combine the cellular approach with pharmacotherapeutics such as ChABC or rolipram. However, with the selection of the appropriate cell source and NFs or MNTs and their delivery method, it may be possible to restore lost function in SCI patients.
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